Production of prostacyclin by endothelial cells is considered to be important in rendering the vessel wall nonthrombogenic. Cigarette smoking is an important risk factor in the pathogenesis of atherosclerosis. Here we show that the incubation of cultured human endothelial cells with a cigarette smoke condensate impaired the basal prostacyclin release. Also, the enhanced release of prostacyclin provoked by phorbol myristate acetate was inhibited by cigarette smoke condensate. Furthermore, cigarette smoke condensate impaired the thrombin-induced prostacyclin production. The production of prostacyclin from exogenous arachidonate was not affected by cigarette smoke condensate, indicating that cigarette smoke condensate constituents exert their inhibitory properties on the level of arachidonate mobilization from cellular phospholipids, rather than on cyclooxygenase or prostaglandin synthetase. The effects noted for cigarette smoke condensate could not be attributed to the cigarette smoke constituents nicotine and cadmium. While inhibiting the endothelial cell prostacyclin production significantly, cigarette smoke condensate did not cause cell death or impairment of secretory function, as measured by the release of von Willebrand factor. This in vitro study shows that impairment of an endothelial cell function is related to a risk factor for atherosclerosis. (Arteriosclerosis 6:15-23, January/February 1986) E ndothelial cells synthesize and secrete prostacyclin, 1 which is an important functional property of these cells; prostacyclin is a strong vasodilator and the most potent inhibitor of platelet aggregation known. 2 " 4 Furthermore, prostacyclin inhibits the proliferation of vascular smooth muscle cells 5 and modulates the cholesterol ester-hydrolase activity of smooth muscle cells, 6 resulting in a decrease in cholesterol contents in these cells. Impairment of endothelial cell prostacyclin production might, therefore, have consequences for the thrombo-resistance of the vessel wall and might make it vulnerable to atherosclerotic processes. Epidemiologicat studies 7 " 11 have established that there is a high order of correlation between cigarette
Production of prostacyclin by endothelial cells is considered to be important in rendering the vessel wall nonthrombogenic. Cigarette smoking is an important risk factor in the pathogenesis of atherosclerosis. Here we show that the incubation of cultured human endothelial cells with a cigarette smoke condensate impaired the basal prostacyclin release. Also, the enhanced release of prostacyclin provoked by phorbol myristate acetate was inhibited by cigarette smoke condensate. Furthermore, cigarette smoke condensate impaired the thrombin-induced prostacyclin production. The production of prostacyclin from exogenous arachidonate was not affected by cigarette smoke condensate, indicating that cigarette smoke condensate constituents exert their inhibitory properties on the level of arachidonate mobilization from cellular phospholipids, rather than on cyclooxygenase or prostaglandin synthetase. The effects noted for cigarette smoke condensate could not be attributed to the cigarette smoke constituents nicotine and cadmium. While inhibiting the endothelial cell prostacyclin production significantly, cigarette smoke condensate did not cause cell death or impairment of secretory function, as measured by the release of von Willebrand factor. This in vitro study shows that impairment of an endothelial cell function is related to a risk factor for atherosclerosis. (Arteriosclerosis 6:15-23, January/February 1986) E ndothelial cells synthesize and secrete prostacyclin, 1 which is an important functional property of these cells; prostacyclin is a strong vasodilator and the most potent inhibitor of platelet aggregation known. 2 " 4 Furthermore, prostacyclin inhibits the proliferation of vascular smooth muscle cells 5 and modulates the cholesterol ester-hydrolase activity of smooth muscle cells, 6 resulting in a decrease in cholesterol contents in these cells. Impairment of endothelial cell prostacyclin production might, therefore, have consequences for the thrombo-resistance of the vessel wall and might make it vulnerable to atherosclerotic processes. Epidemiologicat studies 7 " 11 have established that there is a high order of correlation between cigarette smoking and cardiovascular disease, especially atherosclerosis. Ultrastructural abnormalities are present in the vasculature of the umbilical cords from infants born to smoking mothers, 12 ' 13 and animal experiments 1415 have confirmed the devastating effects of smoking on the endothelium. Endothelial cells seem to play a prominent role in the early development of atherosclerosis. Following endothelial cell injury, platelets adhere to the subendothelium and release growth factors, which induce proliferation of smooth muscle cells and subsequently vessel wall thickening, as proposed by Ross and Glomset 16 in the "response-to-injury" hypothesis. The mechanism by which cigarette smoking induces atherosclerosis is not known. We studied the effects of cigarette smoke condensate on two endothelial cell properties: the synthesis and secretion of prostacyclin and von Willebrand factor. We have found that cigarette smoke constituents inhibit the capacity of endothelial cells to produce prostacyclin, although the synthesis and secretion of von Willebrand factor was not affected. The impairment of the endothelial cell prostacyclin release might have consequences for the thrombo-resistance of the endothelium and might offer an explanation for the atherosclerotic effects brought about by cigarette smoking.
Methods

Cell Culture
Human vascular endothelial cells were isolated from umbilical cord veins according to the method originated by Jaffe et al., 17 with some minor modifications. Cells were cultured in plastic flasks precoated with fibronectin or on glass coverslips coated with glutardialdehyde-fixed gelatin (Merck, Darmstadt, FRG). Culture medium consisted of an equal mixture of RPM11640 and Medium 199 (Gibco, Paisley, UK), with 20% human serum (pool of 24 healthy donors) and antibiotics. 18 When human serum was omitted from the medium, the following were added to the medium: 1% human serum albumin (Central Laboratory of the Netherlands Red Cross Blood Transfusion Service, Amsterdam, The Netherlands), insulin from bovine pancreas (10 fj.g/m\, Sigma, St. Louis, Missouri), and human transferrin (20 /u.g/ml, Sigma). 19 The endothelial cells were identified by their typical characteristics, including the presence of von Willebrand factor; 20 the cells in the experiments were in the third passage and the cultures had reached confluency.
Cigarette Smoke Condensate and Chemicals
Cigarette smoke condensate was obtained from the CIVO Food Analysis Institute, TNO Division of Nutrition and Food Research (Zeist, The Netherlands). The smoke condensate was prepared by smoking commercially available nonfilter cigarettes on a Borgwaldt smoking machine. Puffs of 35 ml in 2 seconds were taken once per minute until a 23 mm butt was left. The smoke was passed over a Cambridge glass fiber filter and this filter was extracted with dimethylsulfoxide (Merck). The smoking process was designed to imitate smoking by a person; the condensate contained the nongaseous smoke constituents that would have been inhaled by the smoker. The smoke generated by the machine represented so-called mainstream smoke. One cigarette yielded 20 mg of smoke condensate; the nicotine amounted to approximately 10% (wt/wt) of this smoke condensate. The cigarette smoke condensate in dimethylsulfoxide (stock solution = 8 mg/ml) was added to serum-free culture medium and filtered over a Millipore 0.22 fxM filter.
Dimethylsulfoxide in the culture medium was included in all incubations at a concentration of 0.25% (vol/vol). Phorbol myristate acetate (PMA, Sigma) and lonophore A23187 (Boehringer, Mannheim, FRG) were dissolved in dimethylsulfoxide before being added to the culture medium. Nicotine (Serva, Heidelberg, FRG), cadmium chloride (Thomas Tyrer and Company, London, UK), and human thrombin (Sigma) were dissolved directly into the medium.
Prostacyclln
Prostacyclin in endothelial-cell-conditioned medium was measured as the hydrolysis product 6-keto-prostaglandin F1a (6-keto-PGF1a) by two means: 1) radioimmunoassay with a kit obtained from New England Nuclear (Boston, Massachusetts) and 2) high performance liquid chromatography (HPLC) with cell supernatants prepared for HPLC analysis by using a C-18 extraction column (Baker, Deventer, The Netherlands) as described previously. 21 HPLC was performed on a C-18 column (Beckman, Berkeley, California) by following the method of Terragno et al. 22 with some modifications. 21 To measure the prostaglandin synthesis from endogenous arachidonate, cells were prelabeled for 48 hours with 0.2 /xCi/ml 3 H-arachidonate (specific activity, 100 mCi/ /xmol) (Amersham, UK) in serum-free medium. Conversion of exogenous arachidonate into prostaglandins by endothelial cells was studied by incubating 2.10 6 cells with 3 H-arachidonate (20 /*M, 0.1 juCi/ml) in 10 ml RPMI 1640.
Enzymes and von Wlllebrand Factor
Lactate dehydrogenase was measured according to the method of Bergmeyer and Bernt; 23 8-hexosaminidase, by the method of De Groot et al. 24 ; von Willebrand factor by immunoradiometric assay according to the method of Ruggeri et al. 25 with some modifications. 18 Immunofluorescence staining for von Willebrand factor in endothelial cells was performed as described elsewhere 26 with use of monoclonal antibody CLB-RAg-1 as indicator antibody. 27
Other Materials
All reagents were of analytical grade and were obtained from Merck unless otherwise stated. Immunoreagents were from the Central Laboratory of the Netherlands Red Cross Blood Transfusion Service. Statistical analysis was done by Students' nest.
Results
Basal and Phorbol Myristate Acetate-Stimulated Prostacyclln Production
The accumulation of 6-keto-PGF1a (the hydrolysis product of prostacyclin) in endothelial cell-conditioned medium was hampered by cigarette smoke constituents in a dose-dependent manner. When cultured endothelial cells were incubated with cigarette smoke condensate, the 6-keto-PGF1a accumulation was reduced to 5% to 10% of control values at a concentration of 20 //.g/ml cigarette smoke condensate ( Figure 1 ). The phorbolester PMA induced a 100-fold stimulation of endothelial cell prostacyclin production; 28 the PMA-stimulated release of prostacyclin was significant after a 4-hour incubation period. Cigarette smoke condensate inhibited this PMAstimulated prostacyclin release from the cultured endothelial cells (Figure 1 ). Significant impairment of the endothelial cell prostacyclin release had already occurred at a cigarette smoke condensate concentration of 2 /xg/ml; this concentration is equivalent to the smoke condensate from 0.1 cigarette per liter of culture medium. Cigarette smoke condensate is an extremely complex mixture; at present the smoke constituents, nicotine and cadmium, have been implicated as atherogenic. 29 ' x Nicotine at a concentration up to 20 /xg/ml, a dose equivalent to 10 times the amount present in 20 /xg/ml cigarette smoke condensate, did not exert an inhibitory effect on the accumulation of 6-keto-PGF1a in endothelial-cell-conditioned medium during a 24-hour incubation period (Figure 2 ). Nicotine also did not influence the PMA-stimulated prostacyclin release. When endothelial cells were incubated with Cd 2+ ions at a concentration equivalent to 10 times the concentration present in 20 fj.g/m\ cigarette smoke condensate, 31 there was no effect on the endothelial cell prostacyclin production ( Figure 2 ). In addition, when endothelial cells were incubated with both nicotine and cadmium at concentrations higher than those present in 20 ^ig/ml cigarette smoke condensate, no effect on the prostacyclin production was noted. Nicotine and Cd 2+ ions were both cytotoxic, as judged by loss of cellular lactate dehydrogenase and B-hexosaminidase in the supernatant, at concentrations higher than 20 /i,g/ml and 500 ng/ml, respectively. The cigarette smoke condensate exerted a cytotoxic effect at a concentration of 50 /xg/ml.
Thrombin-Stlmulated Prostaglandin Production
Upon stimulation with thrombin, endothelial cells produce within minutes large amounts of prostaglandins, including prostacyclin. 32 The substrate for this stimulated prostaglandin production is arachidonate liberated from cellular phospholipids. When endothelial cells were treated with cigarette smoke condensate, cells were less responsive to thrombin in their release of prostaglandins (Figure 3 ). The amount of 6-keto-PGF1a recovered from the supernatant upon thrombin stimulation was 45% of that in the supernatant of nonexposed cells after cells were exposed to 20 /ig/ml cigarette smoke condensate. The A23187-stimulated release of prostacyclin was reduced to 27% after exposure of the endothelial cells to 20 /ng/ml cigarette smoke condensate (Figure 3) . The pattern of prostaglandins produced was not altered by cigarette smoke condensate; the amounts of the major prostaglandins produced by the endothelial cell upon thrombin-stimulation were all reduced to the same extent by preincubation with cigarette smoke condensate. B Figure 3 . The effect of cigarette smoke condensate on the stimulated release of prostaglandins by cultured endotheliai cells. A. Endotheliai cells were exposed to condensate for 24 hours. Cells were washed twice with RPM11640 and subsequently incubated for 5 minutes with 2 U/ml thrombin (•-•), 10 M M ionophore A23187 (A-A), or no stimulus (o-o). The amounts of 6-keto PGF1a accumulated in the cell supernates during the 5-minute stimulation period were measured by radioimmunoassay and are the means of two incubations. B. The cells were prelabeled for 48 hours with 3 H-arachidonate, incubated with 20 /^g/ml condensate for 3 hours, and subsequently stimulated with 2 U/ml thrombin for 5 minutes. Control cells were not exposed to condensate. The supernates of the 5-minute incubations were subjected to high performance liquid chromatography. The amounts of prostaglandins are expressed as the radioactivity recovered in the respective fractions.
Conversion of Exogenous Arachldonlc Acid
Endothelial cells can use exogenous arachidonate for the synthesis of prostaglandins. 1 After pretreatment with cigarette smoke condensate, the capacity of endothelial cells to synthesize prostaglandins from the exogenous arachidonate was not affected (Figure 4 ).
Release of von Willebrand Factor
The endothelial cell synthesizes and secretes, besides prostacyclin, a variety of secretory products, 33 including von Willebrand factor. 20 In cultured endothelial cells, the von Willebrand factor is released continuously in the medium, 34 incorporated into the extracellular matrix, and stored intracellularly. 183435 When the endothelial cell is treated with thrombin, PMA, or ionophore A23187, the von Willebrand factor is secreted into the medium. 183436 The toxic effects of cigarette smoke condensate constituents, which are exerted on endothelial cell prostaglandin production, might also influence the synthesis and intracellular routing of von Willebrand factor. The release into the medium of von Willebrand factor by cultured endothelial cells was not altered by incubating the cells with cigarette smoke condensate (Figure 5) . Also the PMA-stimulated release of von Willebrand factor 26 Figure 4 . The effect of cigarette smoke condensate on the conversion of exogenous arachidonate by cultured endothelial cells. Cells were exposed to 20 n.Qlm\ cigarette smoke condensate for 24 hours. Cells were washed twice with RPM11640 and incubated for 15 minutes with 20 jtM cell supernatants after 1 hour of incubation with PMA, thrombin, or ionophore A23187 were not altered by the previous exposure of the cells to cigarette smoke condensate for 1,4 or 24 hours (not shown). Immunofluorescence studies on cultured endothelial cells to visualize the subcellular localization of von Willebrand factor demonstrated the presence of von Willebrand factor in rod-shaped organelles, 18 presumably identical to Weibel-Palade bodies; 35 cigarette smoke condensate did not seriously alter the subcellular localization of von Willebrand factor and the secretion of this protein from these organelles, following incubation of the cells with PMA ( Figure 6 ). condensate; the basal secretion into the medium as well as the stimulus-induced release from intracellular storage sites were unaffected ( Figures 5 and 6 ). Also the cell morphology as observed in phase-contrast microscopy did not show any differences between cigarette smoke condensate exposed and control cells (Figure 7) .
-
Nicotine inhibits the release of prostacyclin by the vasculature in vivo. 39 Furthermore, nicotine has caused ultrastructural changes in the aortic endothelium of rabbits 29 and at concentrations higher than 15 n.g/ml nicotine, has had some effect on the morphology of cultured bovine aortic endothelial cells. 40 It has been suggested 30 that cadmium is an atherogenic factor. Here we show that the effects noted for cigarette smoke condensate could not be attributed to either nicotine or cadmium alone or to a combination of nicotine and cadmium ( Figure 2 ).
Endothelial cell prostacyclin production is considered important in controlling the thrombus size at sites of vascular injury. Limiting platelet activation at sites of vascular injury might help prevent atherosclerotic processes. 16 Cigarette smoke constituents interfered with endothelial cell prostacyclin production. This might explain why cigarette smoking induces atherosclerosis.
